Many enveloped viruses encode a matrix protein. In the influenza A virus, the matrix protein M1 polymerizes into a rigid protein layer underneath the viral envelope to help enforce the shape and structural integrity of intact viruses. The influenza virus M1 is also known to mediate virus budding as well as the nuclear export of the viral nucleocapsids and their subsequent packaging into nascent viral particles. Despite extensive studies on the influenza A virus M1 (FLUA-M1), only crystal structures of its N-terminal domain are available. Here we report the crystal structure of the full-length M1 from another orthomyxovirus that infects fish, the infectious salmon anemia virus (ISAV). The structure of ISAV-M1 assumes the shape of an elbow, with its N domain closely resembling that of the FLUA-M1. The C domain, which is connected to the N domain through a flexible linker, is made of four α-helices packed as a tight bundle. In the crystal, ISAV-M1 monomers form infinite 2D arrays with a network of interactions involving both the N and C domains. Results from liposome flotation assays indicated that ISAV-M1 binds membrane via electrostatic interactions that are primarily mediated by a positively charged surface loop from the N domain. Cryoelectron tomography reconstruction of intact ISA virions identified a matrix protein layer adjacent to the inner leaflet of the viral membrane. The physical dimensions of the virion-associated matrix layer are consistent with the 2D ISAV-M1 crystal lattice, suggesting that the crystal lattice is a valid model for studying M1-M1, M1-membrane, and M1-RNP interactions in the virion.
Many enveloped viruses encode a matrix protein. In the influenza A virus, the matrix protein M1 polymerizes into a rigid protein layer underneath the viral envelope to help enforce the shape and structural integrity of intact viruses. The influenza virus M1 is also known to mediate virus budding as well as the nuclear export of the viral nucleocapsids and their subsequent packaging into nascent viral particles. Despite extensive studies on the influenza A virus M1 (FLUA-M1), only crystal structures of its N-terminal domain are available. Here we report the crystal structure of the full-length M1 from another orthomyxovirus that infects fish, the infectious salmon anemia virus (ISAV). The structure of ISAV-M1 assumes the shape of an elbow, with its N domain closely resembling that of the FLUA-M1. The C domain, which is connected to the N domain through a flexible linker, is made of four α-helices packed as a tight bundle. In the crystal, ISAV-M1 monomers form infinite 2D arrays with a network of interactions involving both the N and C domains. Results from liposome flotation assays indicated that ISAV-M1 binds membrane via electrostatic interactions that are primarily mediated by a positively charged surface loop from the N domain. Cryoelectron tomography reconstruction of intact ISA virions identified a matrix protein layer adjacent to the inner leaflet of the viral membrane. The physical dimensions of the virion-associated matrix layer are consistent with the 2D ISAV-M1 crystal lattice, suggesting that the crystal lattice is a valid model for studying M1-M1, M1-membrane, and M1-RNP interactions in the virion. matrix protein | structure | orthomyoxovirus | ISAV | assembly A ll members of the Orthomyxoviridae family, including the influenza viruses A-D, thogotovirus, and isavirus, encode a matrix protein called M1. In the influenza A virus, M1 is produced by a colinear transcript made from the gene segment 7 (1) . As one of the most abundantly made viral proteins, the influenza A virus M1 plays multiple roles during the virus life cycle. Upon viral entry, the acidification of the viral interior in the endosome weakens the interaction between M1 and the viral ribonucleoprotein complexes (vRNPs), thus allowing M1-free vRNPs to be imported to the nucleus for viral RNA replication and transcription (2, 3) . As infection proceeds, newly synthesized M1 enters the nucleus to mediate the nuclear export of nascent vRNPs. A "daisy-chain" complex is formed with the vRNP binding to the C-terminal domain of M1 (4) and the N-terminal domain of M1 interacting with the nuclear export protein (NEP), also called NS2. Through its nuclear export signal (NES), NEP is specifically recognized by the cellular exportin Crm1, which then facilitates the transport of vRNPs across the nuclear membrane to the cytoplasm in a RanGTP-dependent manner (5) . It has been shown that M1 binding to vRNP in the nucleus is able to block mRNA transcription (4, 6) . In the cytosol, M1 interacts with the cytoplasmic tails of the glycoproteins HA and NA. Such interactions promote M1 association with lipid raft membranes and the subsequent polymerization of M1, leading to the elongation of the budding virion (7, 8) . Membrane-bound M1 serves as a docking site for the recruitment of the viral RNPs and may also mediate the recruitment of M2 to the site of virus budding (9, 10) . Sequence variations in M1 have been found to correlate with the ability of the virus to form either filamentous or spherical particles (11) . There are conflicting reports as to whether heterogeneously expressed M1 alone is sufficient for budding (7, 12) or that HA and NA are essential for assembly and budding of virus-like particles (13) .
The structure of the influenza A virus M1 has been studied extensively by several research groups, but so far only structures of the N-terminal fragment are available (14) (15) (16) (17) . Whereas the M1 N domain was found to adopt essentially the same fold in all four reported structures, solution pH appeared to have some effects on its intermolecular interaction, with dimers observed at acidic pH (14) and monomers at neutral pH (15) . Electron microscopy images showed that the influenza A virus matrix protein layer in intact particles is made up of rod-shaped M1 with monomers as basic building blocks (18) . Electron tomography analysis of infectious influenza virus particles indicates that the matrix protein undergoes conformational changes and dissociates from viral membrane at acidic pH (19) . A recent study also shows that the rigid matrix protein layer of the influenza A virus maintains the integrity and shape of the virus and organizes the virus membrane at neutral pH Significance Orthomyxoviruses, including the influenza viruses A-D, all encode a matrix protein M1 that forms a continuous matrix layer underneath the viral envelope. Here we report the crystal structure of a fulllength M1 from an orthomyxovirus that infects fish. Consisting of two domains connected by a flexible linker, M1 forms an infinite two-dimensional lattice in crystal through parallel packing. A cryoelectron tomography reconstruction of intact virions confirmed that the M1 lattice closely mimics the viral matrix layer, with the N domain abutting the viral envelope and the C domain pointing toward the virus interior. Our findings provide valuable insights into the mechanisms of M1 in mediating self-oligomerization, membrane association, and viral genome packaging.
and even during membrane fusion (20) . The crystal structures of the M1 N domains from the influenza C virus and thogotovirus have also been reported recently (21, 22) .
The infectious salmon anemia virus (ISAV) belongs to the genus Isavirus and is the first orthomyxovirus detected in fish (23) , causing serious disease in Atlantic salmon in several continents. Like the influenza A and B viruses, ISAV has a negative-sense RNA genome with eight gene segments that express a total of 10 polypeptides. The smallest segment, segment 8, has two overlapping colinear ORFs that respectively encode two proteins M1 and M2, with M1 being the viral matrix protein with a molecular weight of ∼22 kDa (24) . As expected, ISAV M1 is expressed late during infection and accumulates in both nucleus and cytosol (25, 26) . A number of findings indicate that the overall organization of the ISA virion, including the viral RNP (27) , the nucleoprotein (28) , and the viral fusion machinery (29) , shares a high level of structural homology to those of the influenza viruses.
To better understand the structure and function of the orthomyxovirus matrix protein, here we determined the crystal structure of the full-length M1 from ISAV (ISAV-M1) at 2.6-Å resolution. The crystal structure of ISAV-M1 has an elbow shape with an N domain and a C domain. In the crystal, ISAV-M1 monomers assemble into an infinite 2D lattice with structural features resembling the membrane-associated protein matrix of the influenza A virus. Cryoelectron tomography of the intact ISA virion showed that ISAV-M1 forms a protein matrix underneath the viral envelope. Fitting the ISAV-M1 2D assembly into the averaged tomogram indicated that the 2D M1 lattice closely mimics the authentic matrix protein layer in infectious particles.
Results
Purification of ISAV-M1. ISAV-M1 was overexpressed in Escherichia coli and purified as a monomer with a molecular weight of ∼25 kDa according to the gel filtration chromatogram (SI Appendix, Fig. S1 ). Similar elution profiles were obtained at both pH 4.0 and 7.5, indicating that the oligomerization behavior of ISAV-M1 in solution did not change with pH. The addition of a 6×His tag at either the N or C terminus of ISAV-M1 did not change its solution behaviors compared with the untagged version.
Crystal Structure of ISAV-M1. Both N-terminal His-tagged and nontagged ISAV-M1 produced similarly shaped, thin-plate crystals that belong to the space group P2 1 . Due to the presence of a pseudotranslation symmetry, heavy atom phasing using Se-Met was not successful. After many heavy atom soaking trials, the crystal structure of ISAV-M1 was eventually solved by single isomorphous replacement with anomalous scattering (SIRAS) using a gold(III) derivative. The final model, which contains three ISAV-M1 molecules, was refined to 2.6-Å resolution using a native dataset to a R free of 25.8% and R work of 19.2% (SI Appendix, Table S1 and Figs. 1 and 2 ). All three ISAV-M1 polypeptides are structurally ordered from beginning to end. In the crystal, ISAV-M1 assembles into infinite 2D lattices with interesting implications on M1 polymerization and membrane association (see Higher Order Organization of ISAV-M1). The basic building unit of such 2D lattices is a monomer, consistent with ISAV-M1 being a monomer in solution.
Full-length ISAV-M1 has the shape of an elbow with a dimension of 32 × 32 × 65 Å 3 ( Fig. 1A ). It can be divided into two linear domains, the N domain (residues 1-111) and the C domain (residues 122-196), that are connected by an extended, 10-aa loop linker (residues 112-121). Each ISAV-M1 is comprised of 12 α-helices (i.e., α1-α12), with the first 8 α-helices (i.e., α1-α8) forming the N domain and the last 4 α-helices (i.e., α9-α12) making up the C domain. The N and C domains from the same molecule do not directly interact with each other.
The structure of the ISAV-M1 N domain can be described as a helical bundle with a central α-helix (i.e., α4) surrounded by five α-helices (i.e., α1, α3, α5, α7, and α8) in the shape of a barrel, which is further packed by two α-helices (i.e., α2 and α6) on the outside. Nearly all residues at the interface between the central α-helix and its five surrounding helices are hydrophobic in nature. Interaction between the two outermost α-helices and the core α-helical barrel are also largely mediated by hydrophobic residues, indicating that the entire N domain likely functions as a rigid unit during virus infection. Two cysteines (i.e., C13 and C115) lie adjacent to each other near the linker loop (SI Appendix, Fig. S2 ). These two cysteines form a disulfide bond in only one of the three noncrystallographic symmetry (NCS)-related molecules (i.e., molecule C). The formation of the disulfide bond keeps the linker loop closely tethered to the N domain.
In the C domain, the four α-helices α9-α12 pack closely against each other, forming an α-helical bundle that is stabilized by a hydrophobic core. A salt bridge between residues E122 and R153 from two adjacent α-helices further helps to strengthen the structural integrity of the C domain.
Comparing the structures of the three M1 molecules from the same crystallographic asymmetric unit reveals considerable structural flexibility in the loop linker ( Fig. 1 B and C) . For instance, superposition of the three molecules by their N domains shows that the hinge angles can vary by as much as 40°, with molecules B and C adopting the largest and smallest hinge angles, respectively (Fig. 1B , magenta vs. yellow). Major deviation in the linker conformation occurs around Q116 in the middle of the linker (Fig. 1B) . The linker region from residues E112 to Q116 is held in place by both covalent (i.e., S-S bond) and noncovalent interactions with the N domain.
Comparison of ISAV-M1 to Homologous Viral Matrix Proteins. Phylogenetic analyses of orthomyxovirus M1 proteins indicate that the six genera within the family form separate clusters, with ISAV and Thogotovirus forming the two most divergent groups (SI Appendix, Fig. S3 ). Using the program DALI (30) and ISAV-M1 as the reference, pairwise structure alignment to FLUA-M1, FLUC-M1 and THOG-M1 gave a Z score of 4.1 (rmsd = 3.6 Å for 90 Cα atoms), 4.0 (rmsd = 3.9 Å for 93 Cα atoms), and 5.2 (rmsd = 2.9 Å for 84 Cα atoms), respectively, indicating that these M1 proteins are evolutionarily related in the absence of apparent sequence identities (SI Appendix, Fig. S4 ).
The FLUA-M1 contains a total of 252 amino acid residues, which is ∼25% larger than the 196-aa ISAV-M1. Like ISAV-M1, the M1 of the influenza A virus also has a two-domain organization, with its first 165 residues making up the N domain. Eight of the nine α-helices in the FLUA-M1 N domain can be matched to those in ISAV-M1 (Fig. 1 F and G) . The most notable differences are: (i) the replacement of the helix α6 in FLUA-M1 by a structured loop in ISAV-M1, and (ii) a shorter α2 in ISAV-M1 than its counterpart in FLUA-M1. The positively charged region located between α5 and α6 in ISAV-M1 is highly conserved and likely plays an important role in mediating M1 membrane association (see Functional Implications).
The crystal structure of ISAV-M1 C domain is the first reported for any orthomyxovirus M1 proteins. When it was submitted for a homology search by DALI (30), a number of diverse protein hits were identified, including the Clostridium difficile toxin glucosyltransferase domains, the diversity-generating retroelement protein bAvd, and two S23 ribosomal-like proteins Xanthomonas campestris Xcc0516 and Bacteriodes thetaiotamicron B.t_0352. Considering the different functions and surface properties of these molecules, the structural homology is likely due to convergent evolution, as the four-helix bundle found in the ISAV-M1 C domain is a common structural fold.
Higher Order Organization of ISAV-M1. In the crystal, ISAV-M1 forms an infinite 2D sheet of a single protein layer (Fig. 2) . In this 2D layer ISAV-M1 molecules are oriented in a parallel manner, with their N domains situated on top and their C-terminal domains at bottom. The top face of the sheet is smooth and nearly flat without obvious pores, whereas the bottom face has a rugged appearance due to pronounced protrusions caused by the C domain. This lattice sheet has a regular spacing of 40 × 25 Å 2 and a height of 48 Å. Each ISAV-M1 molecule lies ∼45°sideways; therefore, the height of the lattice is shorter than the length of the molecule (i.e., 48 vs. 65 Å). In the crystal, multiple layers of such 2D sheets stack on top of each other in the same direction as directed by a crystallographic 2 1 screw axis.
To closely examine molecular interactions involved in the formation of the 2D lattice, a 3 × 3 array of nine ISAV-M1 molecules is taken from the sheet (Fig. 2) . These nine molecules can be generated from the three NCS-related monomers (i.e., A-C) by simply applying crystallographic translation symmetry (Fig. 2 A-C) . Using the central molecule B2 as the reference, we calculated the buried surface between B2 and all eight surrounding molecules to determine dominant intermolecular interactions in the 2D network (SI Appendix, Figs. S5 and S6 ). If we ignore NCS-related differences, only four of the eight pairs of molecules involve unique interactions.
Among these four pairs of molecules, the largest interface (∼2,300 Å 2 ) is given by B2-C2 (or A2-B2), the two adjacent molecules related by the pseudotranslation symmetry ( Fig. 2 B and C and SI Appendix, Fig. S5 ). The B2-C2 interface, which will be referred to as "interface I" in our discussion, involves the interaction between the B2 N and C domains with the C2 N domain. The second largest interface (∼400-800 Å 2 ), which is called interface II, is observed in the B2-A1 pair (or the B2-C3 pair), which involves the interaction between the A1 C domain and the B2 N domain. A much weaker interaction (i.e., ∼300 Å 2 ), interface III, is observed between molecules from the same row or molecules related by crystallographic translation symmetry (i.e., B2-B1 or B2-B3). This interface involves only N domains from neighboring molecules. There is no interaction at the B2-C1 or the B2-A3 interface. Based on the interaction between B2 and its adjacent molecules, we speculate that M1 could form an elongated ribbon through interactions mediated by interface I. Such 1D ribbons could further polymerize into extended 2D sheets through interface II and interface III. Therefore, the three interfaces I-III are solely responsible for maintaining the intact 2D lattice of ISAV-M1 as seen in the crystal. Amino acid residues responsible for forming the intricate 2D crystal lattice appear to be strictly conserved among all ISAV isolates (SI Appendix, Figs. S6 and S7) .
The 2D crystal lattice sheet of ISAV-M1 bears close resemblance to the influenza A virus matrix protein layer associated with the viral envelope at the particle interior (18) . FLUA-M1 appears as thin rod-shaped molecules, and with one end touching the membrane, they form a regularly spaced lattice of densely packed rods with a spacing of ∼40 × 40 Å 2 and a height of 60 Å (18) . Under the negative staining EM, most of the FLUA-M1 thin rods also lie ∼45°s ideways relative to the plane of the viral membrane. The spacing and the height of the ISAV-M1 lattice sheet are slightly smaller than that of the influenza A virus matrix protein layer, which is not surprising, considering the smaller molecular size of ISAV-M1.
ISAV-M1 Membrane Binding. Because FLUA-M1 has been shown to bind negatively charged liposomes (18), here we tested the ability of ISAV-M1 to bind phospholipids using a discontinuous Accudenz gradient following a previously described protocol with some modifications (18) . The detection of the ISAV-M1 in the top fraction confirmed the ability of ISAV-M1 to interact with phospholipids (Fig. 3A) . The strength of the interaction is dependent on the size of the liposome, as 18% of the total protein was found in the top fraction, using ∼400-nM liposomes compared with 13% using ∼100-nM liposomes (Fig. 3A) . The preference for larger liposomes likely reflects the effect of membrane curvature on ISAV-M1 binding. As M1 is found at the interior of the viral particle, it may prefer a concave or a flat membrane, and a membrane with too large of a convex curvature may actually inhibit binding. ISAV-M1 liposome binding also depends on the phospholipid composition: When the ratio of phosphatidylserine to phosphatidylcholine was reduced from 50:50 to 25:75, ISAV-M1 binding to liposome was completely abolished (Fig. 3A) , indicating that net negative charges on the lipid are essential. Solution ionic strength also affects ISAV-M1 lipid binding, as the interaction was no longer observed in 500 mM NaCl (Fig. 3B) , suggesting that ISAV-M1 lipid binding is largely mediated by electrostatic interactions. Our results were consistent with those previously reported for FLUA-M1 and also the M protein from vesicular stomatitis virus (VSV) (18, 31) .
To confirm that positive charges on ISAV-M1 play an important role in liposome binding, the protein was subjected to lysine methylation (32) . Methylated ISAV-M1 completely lost its liposome binding activity (Fig. 3C) . To dissect which one of the two ISAV-M1 domains is responsible for liposome binding, we engineered two truncation mutants, ISAV-M1-N (amino acids 1-119) and ISAV-M1-C (amino acids 120-196), among which only ISAV-M1-N was capable of liposome binding (Fig. 3D) . There are two clusters of positively charged residues in the ISAV-M1 N domain (amino acids 1-111): one is composed of K30-K33 located between α3 and α4, and the other is composed of K63, K66, and K68 located between α5 and α6 (SI Appendix, Fig. S8 and Fig. 2 A  and B) . Both clusters are situated on the top surface of the 2D lattice and well positioned to interact with an approaching phospholipid membrane. Two M1 mutants named M1-4KA and M1-3KA were subsequently generated, each containing the mutations K30A/K31A/K32A/K33A and K63A/K66A/K68A, respectively. Whereas M1-4KA retained most of its activity, M1-3KA had almost completely lost its ability to bind liposomes (Fig. 3 E and F) , suggesting that the loop connecting α5 and α6 likely plays an important role in facilitating ISAV-M1 membrane recruitment and association (SI Appendix, Figs. S8 and S9 ).
ISAV-M1 RNA Binding. Because FLUA-M1 was reported to nonspecifically bind ssRNA (33, 34) , we measured the RNA binding affinity of the ISAV-M1 protein using fluorescence polarization assays with synthetic RNA oligos (28) . Three RNA oligos of different length (i.e., 12 nt, 24 nt, and 48 nt) were used, but only modest differences were observed in their binding affinities (SI Appendix, Fig. S10A ), suggesting that the RNA binding footprint on ISAV-M1 is 12 nt or shorter. When the same fluorescence polarization assay was used to quantitate ISAV-M1 RNA binding stoichiometry, it was determined that each ISAV-M1 binds to one RNA molecule (SI Appendix, Fig. S10B ). Full-length ISAV-M1 and ISAV-M1-N exhibited similar RNA binding affinities (SI Appendix, Fig. S10C ), but the RNA binding affinity of ISAV-M1-C was ∼40-fold weaker compared with the full-length ISAV-M1.
The RNA binding sequence of the FLUA-M1 was mapped to amino acid residues 90-111 located in the N domain (35, 36) . The equivalent region in ISAV-M1 is the loop connecting α5 and α6, which was found essential for ISAV-M1 membrane association as discussed above. Interestingly, when the two mutants M1-3KA and M1-4KA were subjected to fluorescence polarization assays, little difference was observed in the RNA binding affinities of the two mutants compared with the wild-type M1 (SI Appendix, Fig. S10D ), suggesting that neither one of the two charged loops plays a major role in ISAV-M1 RNA binding.
Cryoelectron Tomography of ISA Virion. Cryoelectron tomography (cryo-ET) was used to analyze the structural organization of the matrix protein layer in the ISA virion in situ. When visualized by cryo-ET, ISA virions showed numerous mushroom-like and occasionally rod-like protruding spikes extending outward from the virion surface (Fig. 4 A and B) . These protruding spikes were likely hemagglutinin esterase (HE) and fusion (F) proteins. At the base of these membrane protein molecules, we frequently observed triple-layered density features. To obtain high-resolution details of the matrix protein layer, we extracted a total of 2,600 subtomograms of envelope spikes from 10 virus tomograms. Subtomogram averaging and classification were used to analyze the envelope spike and the viral envelope as described (37) . The two outermost layers had approximately equal densities with an overall thickness of ∼3.5 nm and likely corresponded to the lipid bilayer of the viral envelope (Fig. 4B) . The innermost layer at the particle interior was assigned as the matrix protein lattice, which is supposedly to lie underneath the viral membrane in close association. The ISAV-M1 layer was ∼4 nm away from the inner membrane leaflet and was ∼4 nm thick (Fig. 4 A and B) . A 3 × 3 2D crystal lattice of the ISAV-M1 was docked into the density of the third layer, and the results showed that the overall height of the whole molecule closely matches the thickness of the density (Fig. 4 C and D) .
Functional Implications. The crystal structure of the ISAV-M1 reported here provides a first glimpse into the structure of a fulllength matrix protein from the Orthomyxoviridae family. Each ISAV-M1 molecule assumes the shape of an elbow with two globular domains that are connected by a flexible linker. Unlike the linker sequence in FLUA-M1, which is highly susceptible to proteolytic attack (15, 38) , the linker of ISAV-M1 has the sequence of 112 ESGCQDADGG 121 and is highly resistant to contaminating proteases, possibly due to the lack of hydrophobic or arginine/lysine residues, thus allowing us to determine its fulllength crystal structure.
The N domain of ISAV-M1 is structurally homologous to the FLUA-M1 N domain with superimposable secondary structure elements (Fig. 1 F and G) . Although there is no X-ray structure currently available for the C domain of FLUA-M1, it is predicted to contain four α-helices (39, 40) , exactly what is observed in the ISAV-M1 structure. The high α-helical content of the FLUA-M1 C domain was also confirmed by a number of solution studies (15, 39) . Additional evidence suggesting that ISAV-M1 and FLUA-M1 share similar structure and function includes: (i) The elbowshape of ISAV-M1 closely resembles that of virion-associated FLUA-M1 molecules seen in negative-staining EM images (18); (ii) both ISAV-M1 and FLUA-M1 exist as monomers in solution (15) ; and (iii) ISAV-M1 demonstrates an inherent membrane association activity similar to that of the FLUA-M1 (18) .
ISAV-M1 polymerizes into infinite 2D arrays in crystal, possibly as a consequence of a crowding effect due to the use of polyethylene glycol as the precipitating reagent. The requirement of both N and C domains for 2D lattice formation likely explains why similar 2D lattices have not been observed in the crystal structures of FLUA-M1, FLUC-M1, and THOG-M1 that only include the N domain. An earlier study using small angle X-ray scattering indicated that the full-length FLUA-M1 monomers coexist in solution with a small fraction of large clusters with a layered architecture (41) , suggesting a key role of the C terminus of FLUA-M1 in the formation of 2D lattice sheets. Similarly, studies on FLUC-M1 also showed that membrane tubule formation requires its C domain, corroborating its essential role for FLUC-M1 polymerization (22) . In vivo, the 2D M1 lattice formation is likely promoted by cell membrane, as it has been shown that FLUA-M1 and FLUC-M1 oligomer formation is strongly enhanced by membrane binding and does not require the presence of other viral proteins (22, 41) .
The formation of an S-S bond between cysteine residues C13 and C115 has been observed to modulate the relative orientation of the two domains of ISAV-M1 (Fig. 1B and SI Appendix,  Fig. S2 ). An interesting hypothesis is that the status of the S-S bond may affect ISAV-M1 polymerization/depolymerization during virus budding and/or virus entry. Variations in the oxidative status of the S-S bond may explain the difficulties we had in reproducing ISAV-M1 crystals. Many batches of purified proteins could not produce crystals, and in all cases proteins stored overnight were no longer useful in crystallization. Cysteines are not found at the equivalent positions in FLUA-M1, suggesting that FLUA-M1 may use an alternative mechanism to modulate the hinge angle between the N and C domains.
ISAV-M1 binds to liposomes in vitro with a strong preference for phosphatidylserine (PS) over phosphatidylcholine (Fig. 3) . Phosphatidylserine is universally present in the inner leaflet of the plasma membrane in all multicellular organisms ranging from mammals to nematodes (42) . As an important component in the cell clearance pathways, PS becomes externalized during apoptosis to signal for cell clearance. Indeed, studies of ISAV infection at 15°C indicated that infected cells showed increased surface expression of phosphatidylserine (43) . ISAV-M1 interactions with phosphatidylserine may facilitate the recruitment of M1 to the cell membrane and promote its interaction with other viral glycoproteins (i.e., HE and F) during virus assembly and budding. The N domain of ISAV-M1 is largely responsible for liposome binding, a situation similar to FLUA-M1 (4). Three basic residues (i.e., K63, K66, and K68) located on top of the 2D lattice have been found important for ISAV-M1 liposome binding, confirming our speculation that the top face of the 2D lattice directly interacts with the viral membrane and the C domain faces the virus interior. The three basic residues from ISAV-M1 are structurally aligned to a polybasic region composed of residues 95-105 in the FLUA-M1 N domain, which was also speculated to mediate membrane association (4). This polybasic region appears to be conserved in influenza C and thogotovirus as well (Fig. 1G ). There is evidence that multiple polypeptide regions of FLUA-M1 are necessary to sustain membrane binding in vivo (44) . Likewise, other basic residues on the top face of the ISAV-M1 2D lattice, including K31-K34, may make further contributions to allow efficient membrane recruitment of ISAV-M1 during virus morphogenesis.
FLUA-M1 interacts with RNPs to mediate RNP export from the nucleus and to facilitate RNP packaging into budding virions. However, the mechanism of M1-RNP interaction remains poorly understood. FLUA-M1 has been shown to bind NP (45), RNA (34, 36) , as well as RNP (4, 35, 46) . In particular, Baudin et al. demonstrated that it is the FLUA-M1 C domain, instead of the N domain, that is required for RNP binding (4) . In a more recent study, it was shown that FLUA-M1 is SUMOylated at K242 from the C domain, and that the SUMOylation of M1 is required for the interaction between M1 and viral RNP (46) . ISAV-M1 showed no binding activity toward purified recombinant NP in vitro. Nevertheless, the structural organization of the ISAV-M1 2D lattice suggests that ISAV-M1 C domain, which points toward the viral interior, likely mediates RNP interaction. Such interaction may require NP molecules to be arranged in the form of the doublehelical RNP instead of oligomeric rings found in recombinant samples. We showed that ISAV-M1 N domain has a nonspecific ssRNA binding activity similar to FLUA-M1. Therefore, the N domain may contribute to RNP binding through its nonspecific RNA binding activity. RNA loops on the surface of RNP may extend through the gaps in between adjacent C domains in the 2D M1 lattice to reach the N domain. The ssRNA binding by the ISAV-M1 is most likely mediated by residues from the side of the N domain that are accessible from the interior of the viral particle. Since the highly conserved lysine residue K188 is found near the C terminus of ISAV-M1, it remains to be seen whether it is a potential SUMOylation site implicated in RNP binding.
As shown in Fig. 4E , results from our study support a virus assembly model involving the matrix layer. The matrix is made of a single layer of M1 molecules arranged in a 2D lattice similar to that seen in the ISAV-M1 crystal. The formation of the 2D M1 lattice requires interaction mediated by both the N and C domains, thus explaining that only full-length M1 molecules are efficiently incorporated into viral particles (45) . The top face of the lattice contacts the membrane, whereas bottom face interacts with the RNPs through protrusions made of the C domain. This model also predicts that interactions between M1 and viral glycoproteins are likely mediated by the N domain as it lies adjacent to the viral envelope. Factors that either weaken M1 interaction with the membrane or M1 lattice stability would result in the loss of the matrix layer. We expect that the 2D lattice of ISAV-M1 will serve as a useful structural platform so that our understanding of biochemical activities of orthomyxovirus M1 can be unified and placed in a biologically relevant context.
Materials and Methods
Details of experimental procedures are available in SI Appendix, SI Materials and Methods. The structure of ISAV-M1 was determined by SIRAS. Membrane binding activity of ISAV-M1 was analyzed using a discontinuous Accudenz gradient with phospholipids. ISAV-M1 RNA binding was measured using fluorescence polarization assays with synthetic RNA oligos. Cryoelectron tomography was used to analyze the structural organization of the matrix protein layer in intact ISA virions.
